JOURNAL OF BACTERIOLOGY, Sept. 2001, p. 5376-5384
0021-9193/01/$04.00+0 DOI: 10.1128/JB.183.18.5376-5384.2001

Vol. 183, No. 18

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Stringent Response Activates Quorum Sensing and Modulates

Cell Density-Dependent Gene Expression in
Pseudomonas aeruginosa

CHRISTIAN VAN DELDEN,' RACHEL COMTE," AND MARC BALLY?**

Department of Genetics and Microbiology, University of Geneva Medical School, CH-1211 Geneva 4, Switzerland,"
and Laboratoire d’Ingénierie des Systemes Macromoléculaires, Centre National de la Recherche Scientifique,
F-13402 Marseille cedex 20, France®

Received 20 February 2001/Accepted 26 June 2001

During nutrient starvation, Escherichia coli elicits a stringent response involving the ribosome-associated
protein RelA. Activation of RelA results in a global change in the cellular metabolism including enhanced
expression of the stationary-phase sigma factor RpoS. In the human pathogen Pseudomonas aeruginosa, a
complex quorum-sensing circuitry, linked to RpoS expression, is required for cell density-dependent produc-
tion of many secreted virulence factors, including LasB elastase. Quorum sensing relies on the activation of
specific transcriptional regulators (LasR and RhIR) by their corresponding autoinducers (3-o0xo-C,,-homo-
serine lactone [HSL] and C,-HSL), which function as intercellular signals. We found that overexpression of
relA activated the expression of rpoS in P. aeruginosa and led to premature, cell density-independent LasB
elastase production. We therefore investigated the effects of the stringent response on quorum sensing. Both
lasR and rhIR gene expression and autoinducer synthesis were prematurely activated during the stringent
response induced by overexpression of rel4. Premature expression of lasR and rhlR was also observed when reld
was overexpressed in a PAO1 rpoS mutant. The stringent response induced by the amino acid analogue serine
hydroxamate (SHX) also led to premature production of the 3-0x0-C,,-HSL autoinducer. This response to SHX
was absent in a PAO1 rel4 mutant. These findings suggest that the stringent response can activate the two

quorum-sensing systems of P. aeruginosa independently of cell density.

In their natural environment, microorganisms must fre-
quently cope with nutrient limitations and have evolved spe-
cialized metabolic states that allow survival during prolonged
periods of starvation. In gram-negative bacteria, the adapta-
tion to starvation involves a series of global physiological
changes. Whereas the bulk of protein synthesis decreases, spe-
cific sets of genes are induced, leading to increased stress
resistance and maintenance of viability under adverse condi-
tions (23). One important physiological response of Esche-
richia coli to nutritional stress is the so-called stringent re-
sponse, which primarily results in inhibition of stable RNA
synthesis (5). The effector of the stringent control is the nu-
cleotide guanosine 3',5’-bisdiphosphate (ppGpp), synthesized
by the ribosome-associated RelA protein. During amino acid
starvation, the ppGpp synthetase activity of RelA is triggered
by the ribosome binding of uncharged tRNA, so that the
ppGpp level acts as an intracellular signal that allows cells to
perceive their own inability to produce aminoacyl-tRNA. In E.
coli, an additional pathway for ppGpp synthesis exists, which
relies on the activity of the bifunctional SpoT protein that
shares both ppGpp synthetase and ppGpp hydrolase activities
(16).

The effect of the stringent response is not limited to the
quick arrest of stable RNA synthesis but also includes inhibi-
tion of other processes related to growth (46), as well as the
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positive regulation of amino acid biosynthetic and transport
system operons (5), cell division (21), and antibiotic produc-
tion pathways (6). Moreover, in E. coli the stringent response
activates the expression of another key regulatory gene, rposS,
which encodes an alternative sigma factor (17). RpoS is re-
sponsible for the transcription of a variety of genes expressed
after cells enter stationary phase or during starvation and stress
conditions (28). Expression of RpoS itself increases during
entry into stationary phase (25). Cellular levels of inorganic
polyphosphate (polyP) accumulated during the stringent re-
sponse also modulate the induction of 7poS in E. coli (24, 42).
Furthermore, expression of rpoS during starvation conditions
is prevented in E. coli cells lacking polyP (42). The stringent
response thereby contributes through multiple and interrelated
pathways to triggering changes in the pattern of gene expres-
sion that allow transition from exponential to stationary phase
in response to nutritional deficiencies.

Homologs of RpoS and RelA have been identified in
Pseudomonas aeruginosa (18, 48). The rpoS gene plays a role in
general stress tolerance, as well as in the production of several
virulence factors by this opportunistic pathogen (20, 45). As
observed in other gram-negative bacteria, expression of P.
aeruginosa rpoS increases upon entry into stationary phase
(12). Although little is known about the mechanisms of RpoS
induction in this organism, it has been reported to involve
quorum-sensing regulation (26), and this control was not ob-
served in another recent study (52). Quorum sensing relies on
the bacterial production of autoinducer molecules (N-acylho-
moserine lactones [AHLs]) that accumulate in the surround-
ing medium and allow individual cells to sense the pop-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics”

Source or reference

E. coli strains

TG1 supE A(lac-proAB) thi hsdRA5 (F” traD36 proA™ B laclt ZAM15) 29

E. coli [\1,4] A(argF-lac) \:laslp-lacZ

P. aeruginosa strains

41

PAO1 Wild type, prototroph B. W. Holloway
PAO-R1 PAO1 AlasR::tet Sm* 15
PAO-JP2 Alasl Arhll Tc" Hg* 35
PAQR3 PAOL1 relA::pKoRA3 This work
SS24 PAO1 rpoS101::aacCl Gm® 45
Plasmids

pMMB67 IncQ tacp lacl® Ap/Cb* 14
pLAFR3 pLAFRT1 derivative, IncP1 oriT cos Tc" 11
pSM10 E. coli relA™ 40
pMRLA4 pMMBG67 with E. coli relA under tacp This work
pLFR2 pLAFR3 with P. aeruginosa relA gene This work
pMAL.S IncP Tc" P. aeruginosa rpoS'-lacZ fusion 26
pMAL.R IncP Tc' lasR'-lacZ fusion 26
pMAL.V IncP Tc' rhlR'-lacZ fusion 26
pRK2013 ColE1 Tra® Mob* (pRK2) Km" 10
pECP61.5 ColE1 0rip. gmginosa THIApP-lacZ fusion tacp-rhIR™* Ap* 35

pPCS1 ColEl lasR™ Ap" 41
pKoRA3 pUC19 with an 0.48-kb internal fragment of P. aeruginosa relA Ap/Cb* This work

“ Ap", ampicillin resistant; Cb", carbenicillin resistant; Gm", gentamicin resistant; Hg", mercury resistant; Km', kanamycin resistant, Sm", streptomycin resistant; Tc",

tetracycline resistant.

ulation density (13). P. aeruginosa has two quorum-sensing
systems, las (lasR-lasl) and rhl (rhiR-rhil, also termed vsmR-
vsml), that are connected through a regulatory cascade (26,
36). LasR and RhIR are transcriptional regulators (27, 32, 33)
which are activated by N-(3-oxododecanoyl)-L-homoserine lac-
tone (3-oxo-C,,-HSL) and N-butanoyl-L-homoserine lactone
(C,-HSL), respectively. The synthesis of 3-oxo-C,,-HSL is di-
rected by Lasl (34), while RhlI is responsible for the synthesis
of C,-HSL (53). At high cell density, AHLs reach a threshold
concentration and activate their cognate regulator. The las and
rhl systems control the expression of several extracellular vir-
ulence factors including LasB elastase (51), as well as compo-
nents of the Xcp type II protein secretion system (7).

Since induction of the stringent response entails pleiotropic
effects in E. coli, leading to cellular adaptation to nutrient
depletion, we wondered whether it could be connected to
RpoS expression in P. aeruginosa. We found that overexpres-
sion of RelA prematurely activates rpoS transcription early
during the growth phase. As rpoS might be regulated by quo-
rum sensing (26), we investigated the effects of the stringent
response on the components of the quorum-sensing systems,
las and rhl. We show that the stringent response can prema-
turely activate the two layers of the quorum-sensing circuitry,
leading to the production of extracellular virulence factors
such as LasB elastase at low cell density.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. Bacterial strains and plasmids used
in this work are listed in Table 1. E. coli TG1 was used as a host for cloning
experiments. To construct pMRL4, the 2.5-kb EcoRI-HindIII fragment from
pSM10 that contains the E. coli relA structural gene was subcloned by standard
procedures (29) into the broad-host-range vector pMMB67. Plasmid pLFR2 for
complementation in the PAQR3 strain was constructed as follows. A 2.7-kb
fragment of PAO1 genomic DNA (positions 1022782 to 1025472; see http://www

.pseudomonas.com for sequence data) containing the P. aeruginosa relA gene
(encoding a protein with 46% identity and 65% similarity to the E. coli RelA)
was amplified by PCR using two oligonucleotides (5'-GGCGGTACGCGAAA
TGAGTTCT-3" and 5'-ATCCCAGGGGCAGCCGAATTC-3'), cloned into the
Smal site of pUC19, and then removed as an EcoRI-HindIIl fragment. This
fragment was cloned into the corresponding sites of pLAFR3 to yield pLFR2.
The conjugative properties of pRK2013 were used to transfer plasmids from E.
coli to P. aeruginosa by triparental mating. Unless noted otherwise, bacterial cells
were grown at 37°C in Luria-Bertani broth (LB). Antibiotics used were tetracy-
cline (100 pg/ml) and carbenicillin (300 wg/ml) for P. aeruginosa and tetracycline
(20 pg/ml) and ampicillin (50 pg/ml) for E. coli. Proteolytic enzyme production
was tested on tryptic soy agar plates containing either 1.5% skim milk (Difco) or
elastin (Sigma).

Growth conditions for induction of the stringent response by serine hydrox-
amate (SHX) in P. aeruginosa were as previously described (22) with the follow-
ing changes. Overnight LB cultures were washed, and bacteria were inoculated
into morpholinepropanesulfonic acid (MOPS) glucose medium (31). When the
cultures reached a turbidity of 0.1 at 600 nm, cells were washed and resuspended
at a turbidity of 0.08 at 600 nm in low-phosphate (0.4 mM) MOPS medium
supplemented with either 200 or 500 uM SHX (Sigma). Cells were grown with
vigorous shaking, and culture supernatants were collected at regular intervals for
determination of 3-oxo-C,,-HSL concentrations. Experiments with the rel4 mu-
tant PAQOR3 were performed in the presence of carbenicillin in order to maintain
the insertional inactivation. To confirm that carbenicillin did not affect the
experimental conditions, control experiments were performed using the wild-
type strain PAO1 containing the pMMB67 vector. The premature induction of
3-0x0-C,-HSL provoked by the addition of SHX was similar in the presence and
the absence of carbenicillin.

Construction of a P. aeruginosa rel4 mutant. To generate a null allele of the P.
aeruginosa relA gene, we amplified by PCR, using the PAO1 genome as a
template and two oligonucleotides (5'-GATCAGCGCCAGCCTCAATCC-3’
and 5'-CAGTGCGCGCAGACTGGGAGCT-3'), a 726-bp internal fragment of
the rel4 coding sequence corresponding to amino acids 125 to 365 of the P.
aeruginosa RelA protein (747 residues). The PCR product was blunt ended and
cloned into the Smal site of pUCI19. As it has been shown that the N-terminal
segment of RelA may possess synthetic activity (40), a deletion of the sequences
located downstream of the Bg/II unique site in rel4 (nucleotide position 848
relative to the start codon of rel4d) was subsequently made in the resulting
construct, in order to shorten the promoter-proximal rel4 domain that remains
after allelic disruption. The resulting plasmid (pKoRA3) carrying a 477-bp relA



5378 VAN DELDEN ET AL.

fragment was electroporated into PAO1, and potential rel4 mutants were se-
lected as having carbenicillin resistance (encoded by the suicide plasmid). Inser-
tional inactivation of rel4, resulting from homologous recombination between
pKoRA3 and the chromosomal rel4 locus, was checked by PCR analysis by using
oligonucleotides (5'-GGCGGTACGCGAAATGAGTTCT-3' and 5'-ATCCCA
GGGGCAGCCGAATTC-3") that hybridized to the P. aeruginosa relA flanking
sequences. The chromosomal structure was further checked using primers that
hybridized to vector sequences in combination with primers corresponding to the
chromosomal flanking sequences. We identified a mutant, PAQR3, containing
rel4::pKoRA3 in place of relA.

SDS-PAGE and immunoblot analysis. Cellular proteins were dissolved by
heating for 5 min at 95°C in sample buffer (2% sodium dodecyl sulfate [SDS],
0.75 M B-mercaptoethanol, 10% glycerol, 60 mM Tris-HCI [pH 6.8], 0.02%
bromophenol blue) prior to SDS-polyacrylamide gel electrophoresis (PAGE) on
11% acrylamide gels. Extracellular proteins in the culture medium were precip-
itated with 10% (wt/vol) trichloroacetic acid and resuspended in sample buffer
for gel analysis. Proteins were transferred onto nitrocellulose membranes as
previously described (3) and incubated with antisera directed against elastase or
RpoS. Immunoblots were developed by chemiluminescence (Pierce) using sec-
ondary antibodies conjugated to horseradish peroxidase.

B-Gal assays. Overnight cultures of P. aeruginosa harboring lacZ transcrip-
tional fusion plasmids were diluted to a turbidity of 0.01 at 600 nm in LB
containing the appropriate antibiotics. Samples were harvested at intervals for
determination of turbidity at 600 nm, quantification of cellular proteins (Bio-Rad
protein assay), and B-galactosidase (B-Gal) assay as described elsewhere (7). All
experiments were performed at least three times, and values from a represen-
tative experiment are presented. B-Gal activity is reported as micromoles of
o-nitrophenol released per minute per milligram of protein.

Determination of autoinducer concentrations. Culture supernatants were ex-
tracted with ethyl acetate, and autoinducer concentrations were determined in
bioassays as previously described, using E. coli [N,4](pPCS1) for 3-oxo-C,,-HSL
(41) and PAO-JP2(pECP61.5) for C,-HSL (35). It has been shown that the
3-0x0-C,-HSL autoinducer can block the binding of C,-HSL to RhIR in E. coli,
thereby inhibiting the activation of the rilA’-lacZ fusion in pECP61.5 (36). To
ascertain the absence of interference by coextracted 3-oxo-C,-HSL in the C,-
HSL bioassay in P. aeruginosa PAO-JP2(pECP61.5), a competitive assay was
performed in the presence of 1, 5, or 10 pM synthetic C,-HSL, together with
increasing concentrations of synthetic 3-oxo-C,,-HSL (0.1 to 25 pM). No differ-
ences in B-Gal activity could be detected for each given C,-HSL concentration in
the absence or the presence of even high concentrations of 3-oxo-C,,-HSL (data
not shown), indicating that 3-oxo-C,,-HSL does not interfere with our C,-HSL
bioassay in P. aeruginosa.

RESULTS

Overexpression of the rel4 gene increases RpoS levels in P.
aeruginosa. It has been shown elsewhere for E. coli that relA
overexpression elicits the stringent response under constant
nutritional abundance, so that cellular physiology is minimally
disturbed (9, 40). Induction of the stringent response and
ppGpp synthesis have also been demonstrated in Pseudomonas
putida by overexpression of the E. coli relA gene (47). In order
to test the effect of stringent control on rpoS expression in P.
aeruginosa, we first examined the level of RpoS in the presence
of the relA plasmid pMRL4 compared to the vector control
pMMB67. When grown in LB medium, PAOI1(pMRL4)
showed a significantly altered growth rate compared to PAO1
(pPMMBG67), with a twofold increase in doubling time (Fig. 1A).
Similar growth rate reduction was previously observed upon
relA overexpression in E. coli and P. putida (40, 47). The re-
pression of the facp promoter on pMRL4 is incomplete in P.
aeruginosa, and the basal level of rel4 expression appears suf-
ficient to induce stringent control. Addition of increasing con-
centrations of isopropyl-B-p-thiogalactopyranoside resulted in
progressive inhibition of growth (data not shown). Culture
samples of PAO1(pMMB67) and PAO1(pMRL4) were with-
drawn throughout the growth cycle, and changes in the cellular
content of RpoS were monitored by SDS-PAGE and immu-
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FIG. 1. Growth and RpoS levels in the presence of rel4 multicopy
in P. aeruginosa. (A) Growth curves of PAO1(pMMB67) (closed
squares), PAO-R1(pMMB67) (open squares), PAO1(pMRL4) (dia-
monds), and PAO-R1(pMRLA4) (circles) in LB medium. (B) Cellular
RpoS levels during the growth of PAO1(pMMB67). Cells were grown
in LB medium, and samples were taken at the turbidity at 600 nm
(ODyy) indicated above each lane. Immunoblot analysis was per-
formed with 50 pg of total cellular protein applied per lane. (C) Same
experiment as in panel B with the PAO1(pMRLA4) strain. (D) PAO-
R1(pMMB67) strain. (E) PAO-R1(pMRLA4) strain.

noblotting. As shown in Fig. 1B and C, the pattern of RpoS
accumulation was strongly modified in the presence of the rel4
plasmid. In the control strain PAO1(pMMB67), RpoS was
detected only when the cultures had reached the onset of
stationary phase (turbidity of 3.5 to 4.5 at 600 nm) (Fig. 1B), in
agreement with previous observations (48). In contrast, in
PAO1(pMRLA), significant amounts of RpoS were detected
already in early growth phase (turbidity of 0.23 at 600 nm) and
increased rapidly thereafter (Fig. 1C).

While the expression of 7poS has been shown to be reduced
in the /lasR-minus strain PAO-R1 (26), it is currently contro-
versial whether rpoS is regulated by quorum sensing (52). To
investigate a possible link between the effect observed above
and the quorum-sensing regulation, we analyzed RpoS expres-
sion in the lasR mutant strain PAO-R1 containing pMMB67 or
pMRILA4 (Fig. 1D and E). The overexpression of rel4 had a
lesser effect on RpoS synthesis in the lasR mutant PAO-R1
than in wild-type PAO1. Indeed, during the early log phase of
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FIG. 2. Effect of relA multicopy on transcription of rpoS in P.
aeruginosa. The expression of the rpoS’-lacZ transcriptional fusion in
PAO1(pMMB67, pMAL.S) (squares) and PAO1(pMRL4, pMAL.S)
(diamonds) grown in LB medium was monitored with B-Gal activity
assays as described in Materials and Methods.

growth (up to a turbidity of 1 at 600 nm), the amount of RpoS
was lower in strain PAO-R1(pMRLA4) (Fig. 1E) than in strain
PAO1(pMRLA4) (Fig. 1C). However, when cell density ex-
ceeded a turbidity of 1 at 600 nm, RpoS accumulation was
observed in PAO-R1(pMRLA4) (Fig. 1E), in contrast to PAO-
R1(pMMB67), in which RpoS was not detected until the cul-
ture reached a turbidity of 3 at 600 nm (Fig. 1D). These results
indicate that the absence of a functional /las quorum-sensing
system in the PAO-R1 mutant does not preclude rpoS expres-
sion but has a partial effect on cellular levels produced under
stringent response conditions. It was also noticeable that a
similar growth rate decrease was caused by rel4 expression in
PAOL1 and in PAO-R1 (Fig. 1A), suggesting that the global
effects of RelA on cell metabolism are likely not mediated by
quorum sensing or RpoS.

In order to investigate whether RelA affects the transcrip-
tional control of rpoS§ in P. aeruginosa, we tested the expression
of an rpoS’-lacZ fusion in strains PAO1(pMMB67, pMAL.S)
and PAO1(pMRLA4, pMAL.S). The induction pattern of rpoS
was significantly changed by the presence of pMRLA4 (Fig. 2).
In accordance with previous reports, rpoS transcription re-
mained at basal levels until the onset of stationary phase in the
control strain (12, 26). In contrast, PAO1(pMRL4, pMAL.S)
demonstrated high levels of rpoS expression already during
early growth phase, indicating that rel4 positively affects the
transcription of the P. aeruginosa rpoS gene.

Influence of the stringent response on cell density-regulated
proteins. In view of the above results, we wondered whether
the stringent response would also be able to activate the pro-
duction of quorum-sensing-dependent virulence factors. To
test this hypothesis, we investigated the proteolytic activity of
PAO1(pMRLA). The synthesis of the LasB elastase, the major
secreted protease of P. aeruginosa, is positively regulated by
LasR and 3-oxo-C,,-HSL (33) as well as by RhIR and C,-HSL
(4). Using casein- and elastin-agar plate assays, it was apparent
that PAO1(pMRL4) produced higher amounts of proteases
than PAO1(pMMB67) (data not shown). To ascertain that
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FIG. 3. Effects of rel4 overexpression on elastase production. The
production of extracellular elastase in PAO1(pMMBG67) (control) and
PAO1(pMRLA4) (relA™") was analyzed. Proteins from aliquots of cul-
ture supernatant corresponding to a constant mass of cells were used
for immunoblot analysis with antibodies against LasB elastase. Sam-
ples were taken during growth in LB medium at the indicated turbid-
ities at 600 nm.

elastin-degrading activity was correlated with an increased
LasB synthesis, we analyzed culture supernatants of PAO1
(pMMB67) and PAO1(pMRLA4) by anti-LasB immunoblotting
(Fig. 3). As expected, LasB elastase became detectable in
PAO1(pMMB67) supernatants only when the cultures reached
the onset of stationary phase (turbidity of 5.4 at 600 nm). In
contrast, we observed a significant accumulation of LasB dur-
ing early growth (turbidity of 0.47 at 600 nm) in PAOI1
(pMRLA4) supernatants. As a control, immunodetection of
plasmid-encoded B-lactamase did not reveal differences be-
tween the protein levels observed in PAO1(pMMB67) and
PAO1(pMRLA4) (data not shown). Therefore, it appeared from
these experiments that rel4 overexpression is able to induce
the synthesis of LasB elastase at low cell density.

Additionally, we found that the XcpY type II secretion fac-
tor, which is regulated by the quorum-sensing circuitry (7), was
also produced at a lower cell density in strain PAO1(pMRL4)
than in strain PAO1(pMMBG67) (data not shown). Thus, in the
presence of overexpressed rel4, two proteins normally synthe-
sized at high cell density under the control of the quorum-
sensing circuitry were produced during the early phases of
growth. These results suggested that the stringent response
might be able to activate the quorum-sensing circuitry inde-
pendently of the cell density.

Effect of rel4 overexpression on regulatory components of
quorum sensing. To determine how the stringent response
could prematurely activate the quorum-sensing circuitry, we
assayed the activity of a lasR’-lacZ fusion (pMAL.R) in the
presence of pMRL4 (Fig. 4A). The lasR transcription profile in
the control strain PAO1(pMMB67, pMAL.R) was consistent
with previous reports showing that lasR is expressed in a cell
density-dependent manner (1, 35). In contrast, lasR was al-
ready transcribed during early growth phase (turbidity of 0.5 at
600 nm) in strain PAO1(pMRL4, pMAL.R). Therefore, the
stringent response seemed to activate lasR transcription pre-
maturely. Since lasR regulates the expression of rilR (26), we
examined whether the presence of pMRL4 also affects ri/R
transcription using the reporter fusion pMAL.V (#hlR'-lacZ)
(Fig. 4B). Activation of rhAlR in the control strain PAO1
(pPMMBG67, pMAL.V) was very similar to that of /asR in strain
PAO1(pMMB67, pMAL.R) and was cell density dependent as
previously observed (36). In contrast, in strain PAO1(pMRLA4,
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FIG. 4. Effect of rel4 on the P. aeruginosa quorum-sensing regula-
tors lasR and rhlR. (A) Expression of the lasR'-lacZ fusion in
PAO1(pMMB67, pMAL.R) (squares) and PAO1(pMRL4, pMAL.R)
(diamonds) during growth in LB medium. (B) Expression of the ra/R’-
lacZ fusion in PAO1(pMMB67, pMAL.V) (squares) and PAO1(pMRLA4,
PMAL.V) (diamonds) in LB medium.

PMAL.V), rhIR was expressed early in the growth phase and
independently of cell density. We concluded that rel4 overex-
pression has a positive effect on the transcription of both the
lasR and the rhlIR regulatory genes.

Previous studies with E. coli have shown that RelA can act
indirectly by increasing the synthesis of RpoS, which in turn
stimulates the expression of target genes (9). To determine
whether the premature induction of lasR and rAlR in the pres-
ence of the multicopy rel4 is mediated by rpoS, we examined
the effect of pMRL4 on the transcription of lasR’-lacZ and
rhiR’'-lacZ fusions in P. aeruginosa strain SS24, in which the
rpoS gene is inactivated (45). Both lasR and rAlR fusions were
transcribed in the control strain SS24(pMMBG67), and the ki-
netics of their expression were similar to those observed in the
wild-type strain PAO1 (data not shown). The overexpression
of relA caused an increased expression of both quorum-sensing
regulatory genes early during the growth of the rpoS mutant
(2.6-fold increase of lasR'-lacZ activity and 3.2-fold increase of
rhiR'-lacZ activity at a turbidity of 0.5 at 600 nm; 2.4-fold
increase of lasR'-lacZ activity and 3.4-fold increase of rilR’-
lacZ activity at a turbidity of 1 at 600 nm; means of three
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independent experiments). Thus, rpoS is not required for the
premature activation of the lasR and rhlR gene transcription by
the stringent response.

In order to ascertain that the premature synthesis of elastase
observed above is related to the activation of the quorum-
sensing circuitry, we investigated the effect of rel4 overexpres-
sion on the extracellular elastase activity in the PAO-R1 back-
ground. Measurements of elastin Congo red hydrolysis
performed as previously described (15) showed that culture
supernatants of PAO-R1(pMMB67) and PAO-R1(pMRL4)
did not contain elastin-degrading activity, while the PAOL1
(pPMMB67) control strain produced elastolytic activity under
the same growth conditions (data not shown). This confirmed
that the effect of the stringent response on elastase production
is mediated through the premature activation of the quorum-
sensing circuitry.

Production of autoinducers during rel4 overexpression. To
further examine the effect of the stringent response on the
quorum-sensing systems, we determined the effects of reld
overexpression on the production of AHL signaling molecules
in culture supernatants. The expression of the lasl’-lacZ fusion
in E. coli [N,4](pPCS1) was monitored to investigate differ-
ences in 3-oxo-C,,-HSL concentrations in culture supernatants
of strains PAO1(pMMB67) and PAO1(pMRLA4) (see Materi-
als and Methods). As shown in Fig. 5A, accumulation of the
3-0x0-C,,-HSL autoinducer was higher in early-growth-phase
supernatants obtained from the pMRL4-containing strain. The
difference was even more pronounced during the second half
of growth, where the 3-oxo-C,,-HSL concentration increased
by a factor of 4 in one generation in strain PAO1(pMRL4)
(turbidity of 0.8 to 1.6 at 600 nm), to reach about 9 WM. At the
same growth stage (turbidity of 1.6 at 600 nm), the 3-oxo0-C,,-
HSL concentration in culture fluid of strain PAO1(pMMB67)
was only 1.8 uM.

To investigate the effect on the autoinducer of the rhl sys-
tem, C,-HSL accumulation was measured by monitoring the
activity of an rhiA4 reporter fusion in PAO-JP2(pECP61.5) as
described in Materials and Methods. Results in Fig. 5B show
that strain PAO1(pMRLA4) yielded detectable C,-HSL concen-
trations already from the beginning of growth (turbidity of 0.2
at 600 nm). In contrast, the C,-HSL was detected in the su-
pernatants of the control strain PAO1(pMMB67) only when
cell density reached a turbidity of 1.2 to 1.5 at 600 nm. To-
gether, the analysis of lasR and rhlIR gene expression described
above and the determination of autoinducer concentrations in
culture supernatants suggested that the overexpression of relAd
leads to premature, cell density-independent activation of both
the las and the ril quorum-sensing systems.

Production of 3-0x0-C,,-HSL upon induction of the strin-
gent response by SHX. In order to confirm that the production
of autoinducers can be activated at low cell density, we decided
to induce the stringent response by a second mechanism that
does not involve manipulation of RelA levels through relA
overexpression. It has been previously demonstrated that the
amino acid analogue SHX, a competitive inhibitor of seryl-
tRNA synthetase (50), can induce the stringent response and
ppGpp accumulation in E. coli as well as in P. aeruginosa (5,
22). We therefore measured the levels of the 3-oxo-C,,-HSL
autoinducer in PAOL1 supernatants upon addition of SHX dur-
ing growth in MOPS minimal medium as previously described
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FIG. 5. Effect of rel4 overexpression on the production of 3-oxo-
C,,-HSL and C,-HSL. The concentrations of autoinducers were de-
termined in bacterial supernatants of either strain PAO1(pMMBG67)
(squares) or PAO1(pMRL4) (diamonds). Overnight cell cultures were
washed and resuspended in LB medium at an initial turbidity at 600
nm of 0.05. Supernatants were collected at regular intervals, extracted
with ethyl acetate, and assayed for the presence of both autoinducer
molecules using specific bioassays as described in Materials and Meth-
ods. Shown are the means (£ SDs) of results from three independent
experiments performed in triplicate. (A) Bioassay for 3-oxo-C,,-HSL.
(B) Bioassay for C,-HSL.

(22). Curves in Fig. 6A show that 3-oxo0-C,,-HSL accumulation
occurred at lower cell density in the presence of either 200 or
500 M SHX. Whereas the 3-oxo-C,,-HSL concentrations
rose only slowly in the control culture supernatant, to reach
about 1 pM at a turbidity of 1.0 at 600 nm, a similar level of
autoinducer was already detected at a turbidity of 0.2 at 600
nm in the presence of 500 uM SHX. At a turbidity of 1.0 at 600
nm, the 3-oxo-C,,-HSL concentration had reached 2.45 and
4.75 pM in the presence of 200 and 500 uM SHX, respectively.
This demonstrated that inducing the stringent response by
addition of SHX or by rel4 overexpression provokes a similar
effect on premature autoinducer production.

Autoinducer production by a P. aeruginosa rel4A mutant. The
recent annotation of the PAO1 genome sequence identified a
gene coding for a homolog of RelA, located between bp
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FIG. 6. Effect of the amino acid stringent response on the produc-
tion of 3-oxo-C,,-HSL. Bioassays for 3-oxo-C,,-HSL extracted from
the culture supernatants of the wild-type strain PAO1 (A), the rel4
mutant strain PAQR3 (B), and the complemented strain PAQR3
(pLFR2) (C) were performed. Strains were grown in MOPS medium
either in the absence (open squares) or in the presence of 200 (open
circles) or 500 (closed squares) uM SHX as described in Materials and
Methods. Shown are the means (= SDs) of three (A) and two (B and
C) independent experiments performed in triplicate.

1023053 and 1025472 on the PAO1 chromosome (44; see also
http://www.pseudomonas.com). In order to confirm that pre-
mature autoinducer production can be attributed to the induc-
tion of the rel4-dependent stringent response, we constructed
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a P. aeruginosa relA mutant (PAQR3) by insertional inactiva-
tion. Mutant PAQR3 was still able to produce elastase (as
determined by elastin-agar plates) and both autoinducers in
LB medium (3-ox0-C,,-HSL, 2.4 = 0.1 pM; C,-HSL, 3.4 = 0.2
pM; mean of three independent experiments = standard de-
viation [SD], measured at a turbidity of 3.2 to 3.5 at 600 nm).
The growth of the PAQR3 strain in MOPS medium was similar
to that of the wild-type strain PAO1 (data not shown). The
production of the 3-oxo-C,,-HSL autoinducer was then mea-
sured in the absence or in the presence of SHX. In the absence
of SHX, the production of 3-oxo-C,,-HSL was slightly delayed
and reduced in amount compared to the wild-type strain (Fig.
6B). In contrast to the effects observed with the wild-type strain
(Fig. 6A), neither 200 nor 500 pM SHX induced accumulation
of high levels of 3-o0x0-C,,-HSL in the supernatants of the relA4
mutant strain PAQR3 (Fig. 6B; 3-oxo-C,,-HSL concentrations
measured at a turbidity of 1 at 600 nm: 0.55 = 0.32 and 1.05 =
0.5 wM in the absence or presence of 500 .M SHX, respec-
tively). As an additional control for rel4-mediated accumula-
tion of 3-oxo-C,,-HSL, we monitored autoinducer concentra-
tions in supernatants of PAQR3 carrying pLFR2, which
contains the P. aeruginosa relA gene (see Materials and Meth-
ods for details of construction). Complementation of the relAd
mutant with pLFR2 restored the accumulation of 3-oxo-C,,-
HSL during growth in the presence of 500 uM SHX (Fig. 6C).
These results indicate that the P. aeruginosa relA gene is re-
quired for the premature production of the 3-oxo-C,,-HSL
autoinducer upon induction of the stringent response by SHX.

DISCUSSION

Studies with E. coli have revealed that rel4 overexpression
induces the stringent response and activates the transcription
of the stationary-phase sigma factor RpoS. Exploring the ef-
fects of stringent control on the expression of rpoS in P. aerugi-
nosa, we found that rel4 overexpression induces premature
rpoS transcription during early phases of growth. This effect
was decreased when RelA was overproduced in a AlasR mu-
tant strain, suggesting that rpoS induction by the stringent
response is partially dependent on an intact quorum-sensing
circuitry. We demonstrated that the stringent response acti-
vates the two quorum-sensing regulators /asR and rhlR at low
cell density. Consistently, the accumulation of the two signaling
molecules 3-0x0-C,,-HSL and C,-HSL was considerably in-
creased during early growth phases in the presence of multiple
copies of relA4. Using the amino acid analogue SHX to elicit the
stringent response, we also observed a premature accumula-
tion of 3-0x0-C,,-HSL in the wild-type strain PAO1 but not in
the rel4 mutant PAQR3. Therefore, it seems that the stringent
response can activate the quorum-sensing circuitry indepen-
dently of cell density by changing the transcription pattern of
regulatory genes and the kinetics of autoinducer production.
Importantly, we determined that the P. aeruginosa relA mutant
was still able to produce elastase and to accumulate 3-0x0-C,,-
HSL and C,-HSL when grown in rich media. This implies that
the function of the stringent response in modulating quorum
sensing is likely to be restricted to cellular adaptation during
nutrient deprivation, rather than being a permanent, superim-
posed control level.

The link between rpoS and quorum sensing has recently
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given rise to controversy. Whereas a previous report had de-
scribed the regulation of 7poS§ transcription by quorum sensing
(26), this effect was not observed in a more recent study (52),
which suggested that rpoS negatively regulates rhll. The reason
for this discrepancy remains unknown. From our studies, it
appears that, under some conditions (i.e., when provoking the
stringent response by rel4 expression), rpoS expression is af-
fected by the absence of a functional lasR gene, but it must be
stressed that RpoS is still produced in such a mutant back-
ground and that 7poS is not required for the premature acti-
vation by the stringent response of the quorum-sensing cir-
cuitry. The apparent contradiction in the experiments reported
by Latifi et al. (26) and Whiteley et al. (52) could therefore
reflect differences in growth conditions and/or nutritional sta-
tus of bacterial strains. Clearly, more work is needed to explain
these differences and to determine the precise connection be-
tween rpoS and quorum sensing. Interestingly, studies with E.
coli have suggested that nonacylated HSL generated as a con-
sequence of ppGpp accumulation in response to nutrient star-
vation might be the signal for inducing transcription of rpoS
regardless of bacterial density (19, 43).

Much has been learned recently about AHL-dependent
gene regulation, and it is now apparent that quorum-sensing
systems in P. aeruginosa are subject to additional levels of
control (1, 39). A third intercellular signal, the Pseudomonas
quinolone signal, may play a role in the response to cellular
stress provoked by late-growth-phase conditions (30). The
Pseudomonas quinolone signal is not involved in sensing pop-
ulation density, but it is related to the quorum-sensing hierar-
chy and upregulates the rhl system. A gene coding for a ho-
molog of LasR and RhIR, gscR, was recently identified (8). A
mutation in gscR leads to early production of 3-oxo-C,,-HSL
and C,-HSL, as well as overexpression of quorum-sensing-
controlled virulence factors. Our data indicate that, under ad-
verse nutritional conditions, the stringent response might also
control the activation of the quorum-sensing circuitry at low
population density.

It has been shown that both production of autoinducer and
production of extracellular virulence factors by P. aeruginosa
are dependent on polyphosphate kinase, the enzyme respon-
sible for the synthesis of polyP (38). PolyP is also essential for
nutritional stress adaptation and survival in stationary phase in
E. coli (37, 42). Given that polyP accumulation in E. coli de-
pends on multiple mechanisms including rel4 expression (2), it
is possible that the mechanisms by which the stringent re-
sponse influences quorum sensing could be related in part to
the regulatory role of polyP. The stringent response might thus
act in an adaptive response pathway leading to polyP accumu-
lation, activation of the quorum-sensing systems, and adjust-
ments of gene expression by modulation of promoter selectiv-
ity of RNA polymerase (42). The synthesis of the biofilm
polysaccharide alginate, which helps P. aeruginosa to survive in
nutrient-poor environments (49), is coregulated with polyP in
mucoid strains. It has been shown that regulation of alginate
production involves the enzyme nucleoside diphosphate kinase
(Ndk), which enhances formation of GTP, ppGpp, and polyP
during starvation conditions (22). Thus, polyP accumulation is
correlated with the activation of a complex network contribut-
ing to cell adaptation to stressful conditions as well as expres-
sion of virulence traits. Further investigation of a link between
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the stringent response and polyP synthesis in P. aeruginosa,
their respective effects on quorum sensing, and the analysis of
the effects of alginate regulators on rpoS expression will be
required to clarify the means by which the metabolic response
to nutritional deficiencies takes place in P. aeruginosa.

When grown under laboratory conditions, bacteria typically
encounter nutrient limitation only at high cell density. How-
ever, free-living bacteria are likely to be exposed to exhaustion
of carbon or amino acid sources independently of their own
cell density. During establishment of host infection, P. aerugi-
nosa could therefore be exposed to nutritional stress before a
critical cell density has been reached. In this situation, the
stringent response might prematurely activate the production
of quorum-sensing-regulated virulence factors. These factors
would then provide the bacteria with new nutrients through
their enzymatic activity or allow them to disseminate to more
favorable niches. Under these circumstances, the quorum-
sensing circuit may help P. aeruginosa to rapidly adapt to nu-
tritional deficiencies.
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